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PRELIMINARY ASSESSMENT OF IN-SITU GEOMECHANICAL CHARACTERISTICS
IN DRILL HOLE USW G-1, YUCCA MOUNTAIN, NEVADA

By
W. L. Ellis and Henri S. Swolfs
ABSTRACT

Observations made during drilling and subsequent testing of the USW G-1
drill hole, Yucca Mountain, Nevada, provide qualitative insights into the in-
situ geomechanical characteristics of the layered tuff units penetrated by the
hole. Substantial drilling-fluid losses, and the occurrence of drilling-
induced fracturing, are understandable in terms of the low, minimum horizontal
stress magnitudes interpreted from six hydraulic-fracturing stress measure-
ments conducted between hole depths of 640 and 1,300 meters. Although not
confirmed directly by the hydraulic-fracturing data, other observations
suggest that the minimum stress magnitudes in the more densely welded and
brittle tuff layers may be even smaller than in the less welded and more
ductile rocks. Stress-induced borehole ellipticity observed along most of the
length of USW G-1 indicates that the horizontal stress components are not
equal, and that the concentration of these stresses around the hole is
sufficient to locally exceed the yield strength of the rock. The Tow, minimum
horizontal stress magnitudes, perhaps variable with 1ithology, and the indica-
tions from borehole ellipticity of a high in-situ stress/strength ratio,
indicate the need for further studies to characterize the structural and
geomechanical properties of the rocks at depth in Yucca Mountain.
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Circulating pump pressures were not continuously monitored during coring
operations, and possihle short-term pressure fluctuations during each core run
therefore would not be indicated in the circulating pump pressure data. Also,
because the circulating pump pressures were read from a dial agage on the pump,
the values would include a component of pressure due to frictional losses
between the pump and drill string head.

Also plotted on figure 5 are the breakdown and shut-in pressures recorded
during the six hydraulic-fracture stress determination measurements conducted
in the drill hole (M. D. Zoback, written commun., 1982). Shut-in pressure is
interpreted to be equal to the minimum horizontal stress magnitude, and is the
pressure above which favorably oriented fractures will open and accept
fluid. As can be seen from fiqure 5, shut-in pressuras are less than the
estimated bottom-hole pressures during the drilling operation. Additionally,
at some depths the estimated bottom-hole pressures approach the magnitude of
the measured breakdown pressures, suaaesting the potential for drilling-
induced fracturing. As will be discussed Tater, the borehole televiewer log
of the hole does show several near-vertical fractures between a depth of 500
and 870 m that are interpreted as being drilling induced.

The pressure history during the drilling of the hole, when compared to
results of the hydrofracture tests, provides a reasonable explanation for the
inability to establish return circulation durina drilling. Apparently, the
minimum horizontal-stress magnitnde is not sufficient to prevent the flow of
drilling fluid into preexisting fractures, and, in some portions of the hole,
may not be sufficient to prevent hydraulic-fracturing of the rock formation by
the drilling fluid. Both the qualitative observations of fluid loss and the
quantitative results of hydrofracture tests are mutually supportive and
demonstrate the presence of a low-magnitude horizontal confining stress in the
vicinity of USW G-1. Because drilling circulation problems have been common
in other Yucca Mountain drill holes, it is possihle that the stress state
inferred in USW G-1 is characteristic of the Yucca Mountain area, although
confirmation of this will require additional hydraulic-fracturing tests at
other locations.

Some additional observations shown on fiqure 5 warrant further
discussion. The criterion of selecting unfractured zones in which to conduct
the hydrofracture tests resulted in most of the tests occurring in nonwelded
to partially welded tuff, which was generally less fractured than the more
welded tuffs. Only one of the six hydrofracture tests (at 646 m) was
conducted in a moderately welded tuff. Of the other five tests, four were
conducted in non- to partially welded tuff and one was conducted in bedded
tuff. Warpinski and others (1981) reported results of hydrofracture
measurements in Rainier Mesa, Nevada Test Site, in which shut-in pressures in
a welded tuff unit were less than one-half those obtained in the overlying and
underlying nonwelded tuffs. It is likewise possible that the minimum stress
magnitudes in the more densely welded tuff layers at Yucca Mountain are less
than in the nonwelded to partially welded tuffs. This condition could result
from gravity-induced lateral spreading in the more ductile, nonwelded tuffs,
which enclose and tend to pull apart, or cause extension of, the more brittle
welded tuff layers (Grigas and Handin, 1960; Sowers, 1973). The possibility
that this type of process may be occurring at Yucca Mountain is consistent
with the hiqgher frequency of fracturing observed by Spengler and others (1981)
in the more densely welded tuffs penetrated by the USW G-1 drill hole.

11



The data on figure 5 also suggest another
stress profile in USW G-1. The minimum stress
hydrofracture shut-in pressures, if extrapolate
suggests that in the upper portion of the hole
may he low. Some qualitative indications sugqe
case. After drilling and reaming the hole to
the fluid level was measured at 213 m. If thi
estimated open-hole shut-in pressure, it indica
minimum stress magnitude of about 0.9 MPa at t
quite consistent with extrapolation of the hydn
indication of a low confining stress in the upp
the high degree of fracturing in the welded Top

Finally, another feature shown in fiqure 5
hole pressure gradient of 0.01 MPa/m in the dep
m. In this interval, the recorded circulating
and 0.7 MPa. If these low pumping pressures we
between the pump and drill-string head, it woul
in the 500- to 950-m-depth interval was being 1

possibility with regard to the

gradient indicated by the

d upward to the surface,

the minimum stress magnitude

st that this indeed may be the

pproximately a depth of 305 m,
fluid level is taken as an

tes a lower estimate of the

e 305-m depth (fig. 5), a value

ofracture data. Another

er portion of the drill hole is

opah Spring Member.

is the nearly constant bottom-
th interval between 500 and 950
pump pressures were between 0.3
re due to frictional losses

d indicate that drilling fluid
ost to the formation at a

volume equal to or greater than that supplied b
such, bottom-hole pressures in this interval ma
by the dashed line in figqure 5. This depth in
(500-870 m) in which long axial fractures were
survey, as discussed in the following section

BOREHOLE TELEVIEWER 0BS
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Drilling-Induced Fractures

Several fractures detected by the televiewer l1og have been interpreted as
drilling induced (M. D. Zoback, written commun., 1982). This interpretation
is based on (1) the fact that the fractures parallel the drill hole for long
vertical distances, (2) examination of the core does not indicate such
continuous fractures at comparable depths, and (3) the fractures occur normal
to the direction of maximum borehole ellipticity, which should be expected for
a hydraulically induced fracture (see following section on borehole
ellipticity).

Figure 6 shows the depths and lengths of these drilling-induced fractures
in the drill hole. Fractures 1ike those interpreted as drilling-induced did
not appear on the televiewer log below about 870-m depth, although figure 5
suggests that drill-hole pressures during drilling may have been sufficient to
induce fracturing at least to a depth of about 1,200 m. It is possible that
drilling-induced fracturing occurred at depths greater than 870 m, but because
of increased confining stress with depth they remained tight and thus were not
detected by the televiewer.

Note that these drilling-induced fractures tend to correspond in depth to
lTower porosity zones, which in turn also correspond to the more densely welded
intervals (fig. 7). The correspondence of drilling-induced fractures with the
more brittle, low-porosity zones may be an indication that the minimum
horizontal stress magnitude is less than in the more porous, less brittle
zones. This would be consistent with the previously discussed possibility
that the more brittle layers are being subjected to extensional strain by
lateral spreading in the more ductile, nonwelded horizons, resulting in a
lTower horizontal minimum stress magnitude in the welded layers.

Fractured Rock Intervals

The borehole televiewer also indicates the presence of several intervals
of highly fractured rock within the drill hole. These are zones in which the
degree of fracturing was noticeably greater than in adjacent sections of the
borehole. On the televiewer 1og these intervals give the appearance of zones
of either shattered rock, closely spaced parallel fractures, or abundant
discontinuous, nonplanar cracks. The depths of these intervals are shown on
figure 6. The fracture features are significant because they could represent
potentially permeable zones. With the exception of the interval at around a
depth of 470 m, no obvious correlation exists between these intervals and
zones of excessive fluid loss during drilling (fig. 4). Note also in figure 7
that the fractured rock intervals, unlike the drilling-induced vertical
fractures, do not show a strong correlation with the lower porosity zones.

Fracture Frequency

Figure 6 shows the fracture frequency distribution as determined from the
televiewer log. This distribution includes those fractures recognizable as
planar features intersecting the borehole for which attitudes (dip and strike)
could be adequately determined, but does not include the vertical fractures
interpreted as being drilling induced. As mentioned previously, this fracture
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data is biased toward those fractures most easily detectable by the borehole
televiewer, and is therefore not necessarily representative of the total
fracture population.

As can be seen on figure 6, the relative |frequency of fracturing appears
greatest above a depth of 700 m in the hole. |Also, it appears that a slight
increase in fracture frequency may occur between about depths of 1,000 and
1,200 m, possibly related to small faults at about a depth of 1,100 m. The
greater incidence of fracturing above 700 m i9 qualitatively consistent with
the inference of low confining stress in the upper portions of the hole.

Borehole Ellipticgity

Perhaps the most significant feature obsdrved on the borehole televiewer
loa is the borehole ellipticity. Borehole ellipticity occurs when stress
concentrations around the drill hole are sufficient to exceed the local in-
situ shear strength of the rock, causing spalling of the borehole walls. This
spalling occurs along the azimuth of the greatest concentration of stress;
that is, perpendicular to the maximum horizontal stress direction, causing an
elongation of the hole diameter in the direction of least horizontal stress
(assuming isotropy of rock strength properties). Borehole ellipticity was
observed in a consistent east-west orientation throughout most of the logged
section of drill hole USW G-1, as shown on fiqure 6. The primary factors
influencing borehole ellipticity are the rock strength and the maanitude of
the in-situ stress difference normal to the hole axis. Although the existence
of stress-induced borehole ellipticity is recagnized (Leeman, 1964; Carr,
1974; Bell and Gough, 1979; Hoek and Brown, 1980), 1ittle or no work has been
done to aquantitatively relate the controlling parameters. Nonetheless, the
presence of borehole ellipticity demonstrates that the in-situ stress/strength
ratio and the stress concentrations induced by the drill hole are sufficient
to cause spalling of the wall rock in a preferred direction.

The most important consideration with reqard to stress-induced borehole
ellipticity is that it indicates localized failure of the intact rock in
situ. If such failure occurs as a result of gtress concentrations around a
10-cm-diameter drill hole, it is reasonable ta expect that it may also occur
around larger diameter shafts and underground excavations, especially if they
are not favorably oriented to the existing in4situ stress field. The
significance of this failure process to overall excavation stability is
uncertain; however, it could reflect the potential for engineering problems
attendent to underground construction in Yucca Mountain. Another point for
consideration is the potential mechanical response of the tuff under increased
thermal loads. Little data is currently published regarding the effects of
elevated temperature on tuff strength. Olsson and Teufel (1980), however,
reported that elevated temperature tests on a|welded and a partially welded
tuff sample from the UE25a-1 core hole at Yucca Mountain (fig. 2) each showed
approximately a 30-percent reduction in strenqth at 200°C as compared to room
temperature. Because bhorehole ellipticity at |USW G-1 indicates an already
high stress/strength ratio in situ, any reduction in tuff strength due to
thermal loads could increase this ratio, possibly resulting in thermally
induced fracturing and localized failure of intact rock. Continued studies of
elevated temperature effects on tuff strength will provide much needed data
for assessing the thermomechanical properties |of the tuffs at Yucca Mountain.
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SUMMARY

Preliminary assessment of field data and drilling records of drill hole
USW G-1 has resulted in the followina observations reaarding some of the in-
situ geomechanical characteristics of the rock mass penetrated by the drill
hole.

1. The minimum horizontal-stress magnitude in the non- to partially
welded tuff units in the depth interval between 640 and 1,300 m of USW G-1 is
lTower than the vertical-stress magnitude by about one-half.

2. The possibility exists that the minimum stress magnitude in the
moderately to densely welded tuff units may be even smaller than those
measured in the less welded units. Also, there is reason to suspect that the
minimum stress magnitude in the welded tuff units above the static water level
at USW G-1 may be less than one-half the vertical-stress magnitude.

3. Borehole pressures during drilling operations were apparently
sufficient to induce hydraulic fracturing, and to reopen and inject drilling
fluid into favorably oriented preexisting fractures. This probably accounts
for the difficulty in maintaining drilling-fluid circulation, and is
consistent with the low-magnitude horizontal stresses measured by the
hydrofracture method.

4. Stress-induced borehole ellipticity (spalling) indicates that the
horizontal stresses are not equal in magnitude, and that concentration of the
horizontal-stress difference around the borehole is sufficient to exceed the
strength of the rock at depth.

With the exception of the hydraulic-fracturina results, these
observations are mostly qualitative and in part inferred from indirect
evidence. Although tentative, they do provide a preliminary indication of the
geomechanical conditions that might be encountered at depth in Yucca
Mountain. Better characterization of these important conditions will result
from additional studies currently in progress at other Yucca Mountain
exploratory boreholes.
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